Pseudococcus comstocki (Hemiptera: Pseudococcidae) is a mealybug species native to Eastern Asia and present as an invasive pest in northern Italy and southern France since the start of the century. It infests apple and pear trees, grapevines and some ornamental trees. Biocontrol programmes against this pest proved successful in central Asia and North America in the second half of the 20 th century. In this study, we investigated possible biocontrol agents against P. comstocki, with the aim of developing a biocontrol programme in France. We carried out systematic DNA-barcoding at each step in the search for a specialist parasitoid. First we characterised the French target populations of P. comstocki. We then identified the parasitoids attacking P. comstocki in France. Finally, we searched for foreign mealybug populations identified a priori as P. comstocki and surveyed their hymenopteran parasitoids. Three mealybug species (P. comstocki, P. viburni and P. cryptus) were identified during the survey, together with at least 16 different parasitoid taxa. We selected candidate biological control agent populations for use against P. comstocki in France, from the species Allotropa burrelli (Hymenoptera: Platygastridae) and Acerophagus malinus (Hymenoptera: Encyrtidae). The coupling of molecular and morphological characterisation for both pests and natural enemies facilitated the programme development and the rejection of unsuitable or generalist parasitoids.
Introduction
classical biocontrol programme, and (iii) a discussion of the added value provided by the molecular identification methods.
Materials and Methods

Description of the biocontrol programme and the sampling strategy
The biological control programme was initiated in 2008, following the detection of P. comstocki in apple orchards in southern France in 2005 [1] . The programme was coordinated by INRA (France) and focused on orchards located along the French Mediterranean coast and in the southern Rhone valley.
From 2008 to 2010, populations of P. comstocki and its natural enemies were sampled in the field in France. The material collected was used for morphological and DNA-based identification [24] . In total, 16 mealybug population samples were collected (Table 1) , together with the parasitoids emerging from them. The collected mealybugs and parasitoids were conserved in 70% to 96% ethanol and stored at -20°C for further characterisation.
From 2009 to 2011, we sampled and characterised exotic populations of P. comstocki and their associated natural enemies (Table 1) in regions where the occurrence of P. comstocki had been recorded recently. The first samples were obtained from Syria and Italy in 2009. In 2010, samples were obtained from China and Japan. In 2011, other populations were sampled in eastern Turkey. In total, 14 populations of mealybugs were collected outside France (Table 1) . Parasitoids were collected from infested mealybugs in Syria, Italy, Japan and Turkey (Table 1 ). The samples of mealybugs and parasitoids were conserved in 70% to 96% ethanol and stored at -20°C for further characterisation ("Characterisation of mealybug and parasitoid material" section).
Characterisation of mealybug and parasitoid material
Mealybug DNA extraction, amplification and sequencing. For each individual (whatever its development stage), genomic DNA was extracted with the DNeasy Tissue Kit (QIA-GEN, Hilden, Germany). Animals were not crushed before extraction. Instead, we extended the cell lysis time beyond that recommended by the manufacturer (6-8 h, rather than the recommended 4-6 h). Two elution steps were performed with AE buffer to increase the amount of DNA extracted: 2 x 20 μL for the smallest mealybugs (L1), 2 x 30 μL for L2 and L3, 2 x 50 μL for adults.
Three DNA regions were studied for the mealybug samples: 28S, ITS2 and the LCO region of the cytochrome oxidase subunit I (COI) gene (hereafter referred to as M-28S, M-ITS2 and M-LCO, respectively). PCRs for the M-28S and M-ITS2 markers was performed with the Phusion High-Fidelity DNA polymerase 530L (FINNZYMES, Espoo, Finland). PCR for the M-LCO marker was performed with the Qiagen Multiplex PCR kit (QIAGEN, Hilden, Germany). All PCRs were performed in a total volume of 25 μL: 23 μL of mix + 2 μL of diluted DNA (between 1 and 20 ng). For M-28S and M-ITS2, the reagent concentrations were: 1x Phusion HF buffer, 0.01 U/μL Phusion enzyme, 200 μM dNTPs and 0.5 μM of each primer. For M-ITS2, we added 1.5 mM MgCl 2 and 6% DMSO. For M-LCO, the reagent concentrations were: 12.5 μL Qiagen buffer and 0.2 μL of each primer in the total volume. All the primers used are listed in Table 2 .
For M-28S and M-ITS2, PCR conditions were: initial denaturation at 98°C for 30 s, followed by 35 cycles of (i) denaturation at 98°C for 10 s, (ii) annealing at 58°C for 15 s, (iii) elongation at 72°C for 15 s and a final extension period at 72°C for 5 minutes. For M-LCO, the PCR conditions were: initial denaturation at 95°C for 15 min, followed by 35 cycles of (i) denaturation at 95°C for 30 s, (ii) annealing at 48°C for 90 s, (iii) elongation at 72°C for 90 s and a final extension period at 72°C for 10 minutes.
PCR products were screened with the Qiaxcel Advanced system (QIAGEN, Hilden, Germany), with Fast Analysis cartridges (DM80 protocol). PCR products were then sent to Genoscreen (Lille, France) or Beckman Genomics (Takeley, United Kingdom) for bidirectional Sanger sequencing. Consensus sequences were generated and checked with Seqscape v2.7 (ABI). Alignments were edited manually with Bioedit 7.01 [25] . Sequences were deposited in Genbank. Morphological examination of mealybugs. When possible, a few adult mealybug females per multi-locus haplotype determined by DNA sequencing were prepared for morphological examination, following the procedure described in Malausa et al. [20] . Briefly, mealybugs were prepared as follows: (i) the specimen was heated ( 40°C) in 10% KOH for 20 minutes; (ii) it was then rinsed in distilled water for 20 minutes; (iii) it was stained by incubation for one hour in a saturated solution of fuchsin in a 1:1:1 mixture of distilled water, lactic acid and glycerol; (iv) the specimen was washed in glacial acetic acid for one hour to stabilise the staining; (v) the specimen was transferred to lavender oil for at least one hour, placed in a drop of Canada balsam on a slide and covered with a coverslip. The slide was then labelled and observed under a microscope. In most cases, identification was based on the keys of Beardsley [26] [30] .
The reference slide-mounted specimens used were obtained from the ANSES collection stored at the Laboratoire de la Santé des végétaux, Unité d'entomologie et plantes invasives (Montferrier-sur-Lez Cedex, France).
Parasitoid DNA extraction, amplification and sequencing. For each adult parasitoid, genomic DNA was extracted with the Prepgem Insect kit (Zygem, Hamilton, New Zealand). Parasitoids were not crushed before extraction and the time period over which the Prepgem enzyme was allowed to act was extended beyond the manufacturer's recommendations (2 h rather than 30 minutes). The total volume of 1X Prepgem Buffer and enzyme used was 30 μL per individual.
Four DNA regions were studied: 28S, ITS2 and two regions of the cytochrome oxidase subunit I gene (hereafter referred to as P-28S, P-ITS2, P-LCO and P-C1, respectively). The primers used for each region are listed in Table 2 . PCR was performed with the Qiagen Multiplex PCR Kit (QIAGEN, Hilden, Germany), with a reaction mixture of the same composition as for the mealybugs. PCR conditions were as follows: initial denaturation at 95°C for 15 minutes, followed by 35 cycles of (i) denaturation at 95°C for 30 s, (ii) annealing for 90 s at 54°C, 56°C, 48°C and 48°C for P-28S, P-ITS2, P-C1 and P-LCO, respectively, (iii) elongation at 72°C for 90 s, followed by a final extension period at 72°C for 10 minutes.
PCR products were screened with the Qiaxcel Advanced system (QIAGEN, Hilden, Germany), sequenced and analysed using the same methods as those used for mealybugs. Table 2 . List of the markers used in the PCR protocols: organism (mealybug or parasitoid), name of the target region, name of primers, 5'-3' primer sequence, reference from which the sequences were obtained.
Organism type
Locus name Primer name F/R Primer sequence References
PITS2-R R ATATGCTTAAATTCAGCGGG A neighbour-joining (NJ) tree was generated based on the number of nucleotide differences between 28S sequences, with Mega4 [31] , in order to provide a visual representation of the data obtained for Encyrtidae parasitoids (this tree is not to provide phylogenetic information).
Morphological examination of parasitoids. Each of the parasitoids preserved in 70% to 96% ethanol was initially assigned to a morphospecies.
Card mounting: when available, at least five adult females and five adult males of each morphospecies were dried by placing them for 24 h in a 1:1 mixture of absolute ethanol-xylene. Specimens were then transferred to amyl acetate for 24 h and were rinsed in amyl acetate until the solvent completely evaporated. The dry specimens were mounted on card with water-soluble glue.
Slide mounting: when available, one male and one female from each morphospecies were selected from card-mounted material and processed as described by Noyes [32] . In brief, wings were dissected and mounted in a drop of Canada balsam, and the rest of the insect was detached from the card by applying a drop of distilled water, incubated with 10% KOH 100°C for five minutes and then with acetic acid at room temperature for 5 minutes. It was then dehydrated in a progressive series of ethanol solutions (concentrations from 70 to 100%). A drop of clove oil was added to the specimen in absolute ethanol, and the ethanol was allowed to evaporate off completely. Head, mouthparts, antennae, thorax, hypopygium (for females only) and genitalia were dissected and mounted in Canada Balm. Slide-mounted voucher specimens were deposited in the collection of the laboratory of Entomology "E. Tremblay", Department of Agriculture University of Naples "Federico II", Italy.
Identification of species was performed by comparing the material with type specimens and authoritatively identified material preserved at the Natural History Museum of London, UK, which houses the largest and best preserved collection of Hymenoptera parasitoids in the world.
Assignment of the parasitoid host species
At least one of the mealybugs collected from each site outside France was systematically subjected to DNA sequencing. In France, during the parasitoid survey, only a small proportion of the mealybugs were identified by DNA sequencing, to decrease costs. Indeed, a rapid identification method based on species-specific PCR (Correa et al. in preparation) was used for mealybugs collected at sites located in regions for which DNA sequence data were already available ( Table 1 ). The assignment of each parasitoid to a host was not 100% reliable, as identification was performed at population rather than individual level. We therefore did not necessarily identify the mealybug from which each parasitoid emerged. Outside France, only one mealybug species was found to be present at each sampling site, suggesting that host assignment was probably reliable. In France, P. viburni and P. comstocki often occurred together. Hence, in France, the reliability of host assignment was proportional to the number of mealybugs identified.
Results
Comparisons between invasive French P. comstocki populations and other populations worldwide
In total, we obtained 152 DNA sequences for M-28S, 144 for M-ITS2, 83 for M-LCO. The P. comstocki individuals collected in France had the M-28S-1, M-ITS2-1/2 and M-LCO-1 haplotypes (Table 3 , including Genbank accession numbers).
Most of the samples collected in Italy were identified morphologically as P. comstocki (Table 3) and were found to display the same haplotypes as the French P. comstocki populations.
At one site, mealybugs considered a priori to belong to the species P. comstocki were identified as P. viburni, with haplotypes M-28S-3, M-ITS-4 and M-LCO-4. In Syria, all the mealybugs initially collected as P. comstocki were identified as P. cryptus, with haplotypes M-28S-2, M-ITS2-3 and M-LCO-3. In Turkey, the mealybugs were identified as P. comstocki, with the haplotypes M-28S-1, ITS2-2 and M-LCO-1. In China, the collected mealybugs were identified morphologically as P. comstocki and displayed haplotypes M-28S-1, M-ITS2-1 and M-LCO-2. The M-LCO-02 haplotype (1.7% divergence from M-LCO-01) was found only in China. Finally, in Japan, all the mealybugs collected were identified as P. comstocki, with haplotypes M-28S-1, M-ITS2-1, M-LCO-1.
Survey and characterisation of French and exotic parasitoids infesting P. comstocki
In total, 314 parasitoid sequences were obtained for P-28S, 179 for P-ITS2, 97 for P-C1 and 59 for P-LCO (Tables 4 and 5 ). At each site of collection, the most probable host of the characterised parasitoids was determined by identifying a number of mealybugs collected from the site concerned, by DNA sequencing or rapid PCR identification.
On the basis of these mealybug identification data, the parasitoids identified were sorted into three categories: (i) parasitoids collected from sites at which only P. comstocki was detected, (ii) parasitoids collected from sites at which P. comstocki and other mealybug species were detected, and (iii) parasitoids collected from sites at which only other mealybug species were detected.
In France, at the sites at which only P. comstocki was observed, six parasitoid taxa of Encyrtidae were identified: Anagyrus nr pseudococci (sensu Triapitsyn et al., 2007) (P-28S-01 to P-28S-03, P-C1-02 to P-C1-08, P-ITS2-08/09, P-ITS2-12 to P-ITS2-14, P-LCO-02/11), Leptomastix epona (Walker) (P-28S-04, P-C1-17/18, P-ITS2-01 to P-ITS2-03, P-LCO-05), Anagyrus fusciventris (Girault) (P-28S-06, P-C1-20, P-ITS2-15/16), Clausenia purpurea Ishii (P-28S-09, P-C1-09, P-ITS2-17, P-LCO-03), Leptomastidea bifasciata (Mayr) (P-28S-10 to P-28S-12, P-C1-12 to P-C1-16, P-ITS2-23 to P-ITS2-27, P-LCO-04), Acerophagus malinus (Gahan) (P-28S-13, P-C1-11, P-ITS2-07, P-LCO-09). A number of other taxa could not be identified with confidence by morphological examination. Two specimens assigned to the species Leptomastix histrio (Förster) (P-28S-05, P-C1-19, P-ITS2-04/05) (Hymenoptera: Encyrtidae) were collected, but both were male, making it impossible to be sure about this identification. The Table 3 . Haplotypes identified for the mealybugs collected in this study: most probable identification based on morphology and molecular data, haplotypes at 28S, ITS2, COI-LCO (and the corresponding NCBI genbank accession numbers), specimen codes of the individuals identified and codes of the sites at which they were collected. Table 5 . Sequence Genbank accession number for each haplotype found with the markers P-28S, P-ITS2, P-C1 and P-ITS2.
P-28S P-ITS2 P-C1 P-LCO hyperparasitoid Cheiloneurus ceroplastis Ishii (Hymenoptera: Encyrtidae) was probably present (haplotypes P-28S-22 and P-28S-23, P-C1-21/22, P-ITS-29/30, P-LCO-06). An unidentified member of the Aphelinidae, possibly from the genus Coccophagus, was characterised for 28S only (P-28S-26). An unidentified member of the Signiphoridae (P-28S-20, P-ITS2-36) was also collected. A set of probable Pteromalidae hyperparasitoids of the genus Pachyneuron, which may contain several species, was also found (P-28S-15/17/18/27; P-ITS2-33 to P-ITS2-35). Finally, one specimen of Thomsonisca sp. was collected (P-28S-29).
In France, at sites at which both P. comstocki and P. viburni were observed, fixe Encyrtidae taxa were identified: A. nr pseudococci (P-28S-01, P-ITS2-08), Leptomastix epona (P-28S-04, P-ITS2-01, P-ITS2-02), Acerophagus flavidulus (Brèthes) (P-28S-19, P-ITS2-31), Acerophagus maculipennis (Mercet) (P-28S-21, P-ITS2-32), Leptomastidea bifasciata (Mayr) (P-28S10, P-ITS2-26). An unidentified member of the Aphelinidae was also recorded (P-28S-14, P-C1-23/24, P-ITS2-28, P-LCO-10).
In Italy, at sites from which only P. comstocki was collected, the only identified taxon was Anagyrus nr pseudococci (P-28S-01, P-C1-01, P-ITS2-08 to P-ITS2-11, P-LCO-02).
In Japan, where only P. comstocki was detected at the collection sites, three taxa were observed: Clausenia purpurea (P-28S-09, P-C1-09, P-ITS2-17/18 and P-LCO-03), Acerophagus malinus (P-28S-13, P-C1-10, P-ITS-06 and P-LCO-08) and Allotropa burrelli Muesebeck (P-28S-24, P-ITS2-18 to P-ITS2-22, P-LCO-01).
In Turkey, P. comstocki was the only species found at the collection sites and three species of parasitoids were identified: Anagyrus nr pseudococci (haplotype P-28S-02), Clausenia purpurea (haplotype P-28S-08) and Acerophagus malinus (P-28S-13, P-LCO-07) (Hymenoptera: Encyrtidae).
In Syria, where no P. comstocki was detected, three parasitoid taxa were observed: Anagyrus nr pseudococci (displaying the haplotype P-28S-01), Leptomastix dactylopii (P-28S-07) and Clausenia purpurea (P-28S-08) (Hymenoptera: Encyrtidae). A group of specimens could not be identified accurately but probably corresponded to pteromalid hyperparasitoids of the genus Pachyneuron (P-28S-16 to P-28S-18, P-28S-25/28).
In China, no parasitoids were detected at the collection site studied.
Discussion
Overview of the outcomes of the parasitoid research
The molecular and morphological identification results provided useful information for guiding the decisions made in the biological control programme. In 2009, after a two-year survey in France, no parasitoid species known to be specialist on P. comstocki had been recorded in apple orchards. This triggered the decision to look for exotic parasitoids attacking P. comstocki. The mealybug identification obtained from Syria (P. cryptus) in 2009 led us to discard Syria as a source country for the importation of a natural enemy. The parasitisation of Syrian P. cryptus by Clausenia purpurea, a species also used for the biological control of P. comstocki, also led us to avoid using this parasitoid in the biological control programme. This finding confirmed published observations of C. purpurea parasitising several species of mealybugs [33, 34] . In 2010, DNA sequence data from the samples collected in China, revealing the presence of a taxon very closely related to but which maybe different from P. comstocki, led us to discard the Chinese site as a source of natural enemies for importation. This same year, genetically similar populations of the specialist parasitoid A. malinus were collected and imported from Japan and unexpectedly collected from ornamental trees in France. We thus decided to start an augmentation programme, making use of the A. malinus populations already present in France, to avoid the risks associated with the use of exotic material. C. purpurea was also collected in Japan and France (from ornamental Morus spp. only) in 2010. However, the 28S haplotype of these C. purpurea specimens (P28S-09) was slightly different from that of the C. purpurea from P. cryptus in Syria (P28S-08). It therefore remains unclear whether these two taxa are actually the same species. We maintained our decision to exclude this species, which may not be a specialist, from the programme. Again in 2010, populations of Allotropa burrelli, known to be a specialist parasitoid of P. comstocki, were sampled in Japan from P. comstocki populations apparently similar to the French P. comstocki populations. A. burrelli was not detected in the survey performed in France or, more generally, in Western Europe. We therefore decided to introduce this species in the framework of a classical biological control programme. Releases were performed in 2014 and 2015 in Southern France. At the time of the writing of this article, the outcomes of the programme are not known yet.
The complementary sampling carried out in eastern Turkey in 2011 did not identify any new biocontrol agent candidates and, therefore, did not modify our strategy. Instead, the data for the specimens collected revealed the presence of Clausenia purpurea of the same haplotype (P28S-08) as the C. purpurea collected from P. cryptus in Syria. This provides further support for the hypothesis that C. purpurea is not a specialist parasitoid of P. comstocki, instead being able to parasitise two closely related species, P. comstocki and P. cryptus, in natural conditions.
Production of data on Pseudococcus parasitoids
In addition to the data used to design the biological control programme for French populations of P. comstocki, this study generated data concerning the biodiversity of parasitoids of Pseudococcus species from various regions of the world. In particular, the DNA data provided insight into the host ranges of several parasitoid species. For example, they revealed that P. comstocki and P. viburni were hosts of Anagyrus nr pseudococci [35] , which had previously been collected mainly on Planococcus species. The study also provided molecular data for the Leptomastix epona populations repeatedly found at sites at which P. comstocki was likely the only mealybug present (based on mealybug PCR identification results). This material will be used for a thorough revision of the L. epona group of Leptomastix, including the species L. algirica Trjapitzin and L. flava Mercet, which may be synonymous, a possibility that should be tested by assessing their interfecundity, as suggested by Anga and Noyes (1999). Our results also suggest that, regardless of its massive introduction into the surveyed region between 2003 and 2006, A. flavidulus likely does not parasitise P. comstocki. Indeed, this parasitoid was collected only from sites at which P. viburni was recorded (regardless of the occurrence of P. comstocki). Finally, specimens of a range of parasitoid species (from the families Aphelinidae, Encyrtidae, Pteromalidae and Signiphoridae) were occasionally collected. However their low frequency suggests that some of them might have emerged from other hosts located on the plant material brought to the laboratory with the mealybugs. As a consequence, no emphasis was placed on the identification of these specimens.
Added value of the molecular identification methods
Our consortium benefited from the expertise of taxonomists specialising in the Pseudococcidae (J-F Germain) and their parasitoids (G Delvare and E. Guerrieri), who were able to provide us rapidly with accurate identifications. The use of molecular tools may therefore have been less crucial than in most biological control programmes. Nevertheless, the use of molecular tools was highly advantageous to the programme.
Firstly, the molecular data facilitated the choice of relevant material for examination and the sharing of complementary information (sequence haplotypes versus morphological characters), leading to particularly fruitful collaborations. In total, 145 of the 314 specimens for which DNA sequences were obtained were sent for morphological identification, and comparisons of morphological and molecular data greatly increased the reliability of both types of data (Fig 1) .
Secondly, molecular data ensured that identifications were consistent despite the heterogeneity of the material to be identified, in terms of both sample conservation state and development stage. Indeed, it would not have been possible to identify most of the material purely by morphological methods. We estimate that only about 25% of the material collected was suitable for morphological identification. Moreover, even among the specimens selected for morphological identification after DNA sequencing, 24 of the 142 specimens could not be identified and two identifications were inconsistent with the molecular analysis. These difficulties reflect the fact that most of the taxonomic keys for mealybugs and their parasitoids were generally developed for a single sex at a single developmental stage, and an absence of any body parts (legs, antennae) can be problematic.
Thirdly, molecular characterisation ensured that identification was repeatable throughout the programme, providing reliable and consistent identifications on which the team could base their decisions. For example, C. purpurea and A. nr pseudococci, which were found at many sites and displayed morphological variability, would have been very difficult to identify in the absence of sequence data revealing similarities and differences between the populations. From   Fig 1. Neighbour-joining tree of 28S haplotypes of Encyrtidae parasitoids (Allotropa burrelli, Platygastridae, is used as an outgroup) subjected to morphological examination. Black dots indicate a discrepancy between the molecular and morphological results. Rectangles indicate that the morphological identification, although compatible with the molecular identification, was not conclusive, because the insect was not well preserved or was not of the appropriate sex for identification with the key. The neighbour-joining tree is based on the number of differences. Branch support was calculated by bootstrapping (10,000 iterations).
doi:10.1371/journal.pone.0157965.g001 a population genetics standpoint, the type of DNA data generated in this study cannot distinguish unambiguously between polymorphic populations within a single species and very closely related taxa (host races, sibling species, etc.). Populations displaying identical haplotypes at several loci cannot therefore necessarily be considered to belong to the same species. However, in practical terms, the probability of such populations being reproductively isolated species with high levels of divergence appears to be low. The data obtained in this study therefore made it easier to take some difficult decisions, such as the decision to rule out C. purpurea as a specialist candidate biocontrol agent because populations with identical haplotypes were found to parasitize several host species.
Finally, the availability of DNA barcodes for most of the biological material collected made it possible to comply with the requirements of the French government regarding the importation and use of exotic biological material. In particular, the existence of multilocus DNA data for A. burrelli populations facilitated the obtainment of authorisation for importation from French government services.
